This study examines use of the Goldman-Fristoe Test of 
Introduction
Our understanding of speech production skills in children with cochlear implants has expanded considerably in recent years. Flipsen (2008a) , for example, reviewed several studies of overall intelligibility of speech produced by these children and noted that 1) fully intelligible speech may be an attainable goal for many of these children, and 2) progress toward full intelligibUity may continue for up to 10 years after they receive a cochlear implant. AdditionaUy, studies of this population have variously examined early vocal development (Ertmer, Young, & Natharu, 2007) , the emergence of the vowel space (Ertmer, 2001; Horga & Liker, 2006; Lane, Matthies, Perkell, Vick, & Zandipour, 2001 ), mastery of prosodie skiUs (Lenden & Flipsen, 2007) , phonological process use (Buhler, DeThomasis, Chute, & DeCora, 2007; Flipsen & Parker, 2008) , accuracy of consonant-vowel (CV) syUables (Warner-Czyz, Davis, & MacNeUage, 2010) , and overaU trajectories of speech sound development (Tomblin, Peng, Spencer, & Lu, 2008) as well as the relative roles of specific factors on intelligibility (Ertmer, 2010; Flipsen, 2009) .
The current study is an attempt to add to our growing knowledge of this population by addressing a long-standing diagnostic question. Specifically, it has always been a challenge to know with which particular norms children with hearing loss should be compared. Qualifying children to receive school-based speech-language services usually requires that their performance deviate substantially from "normal" (i.e., that they score below some minimum cutoff value). From this perspective, comparisons against children with typical hearing make sense, as children with hearing loss have historicaUy performed quite poorly on such comparisons. However, tests normed on individuals with typical hearing have been avoided in part because such comparisons often result in floor effects and score outcomes such as "below 40," which are not very meaningful. This has resulted in the development of some (though relatively few) test instruments with normative data specific to children with hearing loss. Recently, however, reports such as Baldassari et al. (2009) suggest that tests normed on children with typical hearing may be appropriate to use with children who have cochlear implants. Baldassari et al. reported language comprehension performance data from 36 children who received cochlear implants at an average age of 33 months. The participants performed significantly better on the Test of Auditory Comprehension (TAC) than chUdren with hearing loss who used conventional hearing aids (the normative population for that test). Most relevant to the current study, however, the children on average performed within 1 standard deviation of the mean for their age group on both the Test of Auditory Comprehension of Language (TACL) and the Bracken Basic Concept Scale (BBCS), both of which were normed on children with typical hearing. This suggests that it may be appropriate to use many of the available norm-referenced tests when evaluating chUdren with cochlear implants.
The goal of the current cross-sectional study is to address the question of performance by children with cochlear implants on the Goldman-Fristoe Test of Articulation -Second Edition (GFTA-2) (Goldman & Fristoe, 2000) . This test was chosen both because it is widely used and because it is normed on chUdren with typical hearing. This test is typical of these types of tests in that it samples all of the consonant phonemes of EngUsh (except /3/) using a single-word, picture-naming task. The consonants are sampled in initial, medial, and final positions (except as restricted by the phonotactic rules of EngUsh (e.g., /Q/ never occurs in word-initial position) and in several word-initial clusters. For the present study, the number of errors were examined relative to both chronological age and amount of implant experience (or what is sometimes referred to as hearing age); it was predicted that the number of errors would decrease over time and that the decrease would be more strongly associated with implant experience than with chronological age. In addition, the question of performance relative to children with typical hearing (the normative population for the test) was examined using standard score performance; it was predicted that children with minimal experience with their cochlear implants would perform below age expectations, but that as experience increased, performance would improve and possibly fall within the normed range.
At least two previous studies of children with cochlear implants have reported GFTA findings. Chin and Kaiser (2000) compared GFTA (first edition) performance on two groups of such children; 10 children used listening and spoken language only and 10 used total communication. Chin and Kaiser reported superior performance by those using listening and spoken language, specifically that 10/10 of the children (similar to those in the current study) performed above the 10th percentile relative to amount of implant experience; only 2/10 did so relative to chronological age. In another study, Buhler et al. (2007) presented GFTA-2 findings for 5 children with cochlear implants (4/5 who used listening and spoken language only). Standard scores (relative to chronological age) ranged from 56 to 100, with 2/5 scores within 1.5 standard deviations of the normative mean (i.e., above 11).
Method
Participants Participants in the current study were recruited from Child Hearing Services at the University of Tennessee; all recruitment and testing procedures were approved by the local Institutional Review Board. Criteria for study participation included a severe ( > 70 dB HL) bilateral hearing loss, no additional disabilities, use of cochlear implants for at least 12 months prior to testing, and the ability to produce at least two-word utterances in conversation with an unfamiliar examiner. All participants used listening and spoken language as their primary mode of communication (i.e., a minimal amount of sign language was used).
A total of 17 participants were recruited and completed the protocol; the cause of the hearing loss was unknown in almost all cases. All but 1 of the participants used a unilateral cochlear implant. The one bilateral user had been fitted with a second implant only 5 months prior to testing; the implant experience for this bilateral listener was counted from the age of receiving the first implant. Two parficipants were not included in the current analysis: 1 had experienced a parfial device failure and had been using a replacement implant processor for a brief period, and 1 for whom some recorded data were lost due to a parfial recording malfunction. Data from a final group of 15 parficipants were included in the current study; their characterisfics are highlighted in Table 1 . The sample included 11 females and 4 males with the somewhat skewed gender distribufion a likely artifact of this being a convenience sample. Male and female participants did not differ significantly from each other on age of implantafion, age at testing, amount of implant experience, or preimplantafion pure-tone average (Mann-Whitney p > .05). Note that the sample included a pair of idenfical female twins (participants #4 and #5). Seven of the parficipants used an Advanced Bionics device (including the bilateral user, who also used a Med-El device), and 8 used a Cochlear Corporafion device. Specific information on speech processors or speech processing strategies being used was not available.
As indicated in Table 1 , age of implantation ranged from 1 year, 2 months, to 8 years, 4 months (mean = 3;6. SD = 2;1). At the time of testing the participants ranged in age from 4 years, 8 months, to 11 years, 1 month (mean = 7;10, SD = 2;0) and their amount of implant experience ranged from 1 year to 7 years, 10 months (mean = 4;5, SD = 2;4). Preimplantation pure-tone average thresholds obtained from pafient records ranged from 70 to 103 dB HL in the better ear (mean : = 82.7, SD = 10.5).
Test Procedures
All testing was conducted by a single female graduate student examiner who had been trained in administering all aspects of the larger protocol from which the current study was drawn. This included training in phonetics and articulafion testing. The Sounds-in-Words subtest of the GFTA-2 (Goldman & Fristoe, 2000) was part of that larger protocol, which was administered during a single 60-to 90-minute session in a single-wall sound-treated booth. All GFTA-2 productions were recorded onto digital audiotape using an external microphone attached to the hand of a puppet sitting on the table approximately 2 feet from the participant. Although this distance was greater than that in similar studies of speech production in children, it was necessary to reduce the tendency of some of the younger children to handle the microphone and thus introduce extraneous noise. This distance was judged to be acceptable as recordings were being conducted in the relafively noise-controlled environment of a soimd booth. It should be noted that recordings of the children's productions were used in the present study to allow for greater scoring consistency; the GFTA-2 manual does not specifically mention the use of recordings. Anecdotal reports from clinicians who regularly use this test suggest that live scoring (rather than scoring based on recordings) is the typical practice. 
Scoring and Analysis
Following recording, the samples were transferred to a laptop computer and stored as a separate digital computer file for each child. Scoring of the GFTA-2 was initially conducted from the digital files by a trained graduate assistant who had just completed a course in narrow phonetic transcription. The assistant had not been present at the time of the recordings. To maximize the available data, each entire target word was transcribed using narrow phonetic transcription with transcriptions used as the basis for scoring the target sounds as per the test manual. Normal General American English allophonic variations (e.g., aspirated voiceless stops in word-initial position and velarized /I/ in word-final position) were treated as correct productions. Raw scores were derived by calculating the number of errors (omissions, substitutions, and distortions) on the GFTA-2 for each participant, and standard scores were computed using the norms in the test manual (i.e., using norms established for children with typical hearing). The standard scores were then derived relative to both the amount of implant experience and chronological age. Findings from those original standard scores were previously reported for a slightly different subset of these data (Flipsen, 2008b) .
The original test forms containing the original transcriptions (which included no identifying information beyond a participant number) were inadvertently shredded during a move, but raw scores and the original recordings were still available; the current author (who was not the original examiner) later scored each of the recorded samples using the same transcription procedures and standards by listening to the original recordings. Scores and transcriptions obtained by the current author were then used for the current study. The newly derived raw scores were also converted to standard scores relative to both chronological age and amount of implant experience. In one case, the raw score translated to performance below the limits of the test norms, and the minimum possible standard score value of 40 was used. For 3 participants with less than 2 years of implant experience, standard scores relative to implant experience were derived using data for 2-year-old children (i.e., the youngest available norms).
Reliability Measures
Interjudge reliability was first evaluated by correlating the raw scores generated by the original transcriber and those of the current author; the two sets of scores were strongly and significantly correlated (r -.982, p < .001). To examine interjudge transcription reliability, another graduate student independently transcribed a random set of 3 of the 15 recordings (20%). Point-to-point agreement on the presence or absence of errors ranged from 65.6% to 93.4% across the three samples (80.9% overall). Disagreements were spread across 18 different targets, suggesting relatively consistent transcription reliability across the targets. To evaluate intrajudge reliability, a different random sample of 3 of the 15 recordings (20%) used for the current study were retranscribed and rescored by the current author approximately 1 week after the first transcriptions. Total raw score differences for the three samples were 0, -2, and -i-3 errors, respectively. Point-to-point agreement on the presence or absence of errors ranged from 88.9% to 92.5% across the three samples (90.4% overall). These inter-and intrajudge agreement values appear to be consistent with previous investigations using phonetic transcription (see Shriberg & Lof, 1991) .
Data Analysis
Overall performance (i.e., number of errors) on the GFTA-2 was examined relative to age of implantation, chronological age, and amount of cochlear implant experience using correlations. In addition, standard scores relative to children with typical hearing were examined two different ways: 1) based on chronological age and 2) using amount of implant experience as a proxy for age (similar to the long-standing practice of calculating "hearing age" for individuals with hearing loss) A Bonferroni-adjusted p-value of .01 was used to adjust for multiple comparisons when judging the correlational results. Table 2 shows raw scores and standard scores for the participants. A wide range of performance was obtained, with raw scores ranging from 2 to 49 errors. Relative to chronological age, standard scores ranged from 40 to 102 (mean = 65.5; SD = 21.7). Floor effects were relatively uncommon; only 1 "below 40" score was observed. Using a cutoff of 77, or 1.5 standard deviations below the mean (a common cutoff for the typical range in the public schools), 10 out of 15 participants would have been considered delayed and qualified for speech-language services. Put another way, 5 out of 15 children performed within the normed range relative to children with typical hearing. Using amount of implant experience as a referent, standard scores ranged from 74 to 117 (mean = 93.7; SD = 11.8). With the same cutoff of 77, only 1 out of 15 of the participants would have qualified for services (i.e., 14 out of 15 would fall within the normed range for children with typical hearing).
Results

Overall Performance
Spearman rarJc-ordered correlations among several relevant variables are shown in Table 3 . As indicated, there was no significant relationship between raw score and either age of implantation or chronological age (p > .05), but there was a statistically significant negative correlation between raw score and amount of implant experience (p = -.753; p = .001). Thus, in a pattern similar to children with typical hearing whose performance improves (in part) as their amount of auditory experience increases, the number of errors produced by the children with cochlear implants decreased as they gained more experience with their implants. As well, there was a very strong negative correlation (-.885) between raw scores and standard scores relative to chronological age. This suggested that as they got older, the gap between their performance and that of their peers with typical hearing narrowed (i.e., they were catching up). Targets   Table 4 lists overall group performance on individual consonant targets ranked by the number of participants who produced no errors. As shown in 
Individual Consonant
No. of participants with no errors (%)
15 (100) 15 (100) 15 (100) 14 (93) 14 (93) 14 (93) 13 (87) 13 (87) 13 (87) 12 (80) 12 (80) 11 (73) 10 (67) 10 (67) 7 (47) 6 (40) 5 ( 'I = initial, M = medial, F = final the third column, there was considerable variafion across the consonant phonemes with mean percentage correct values ranging from a high of 100% (for /m, w, j/) to a low of 36.70% (for /ô/). For 9 out of 23 consonant targets, fewer than half of the parficipants (7 or fewer) were producing the targets correctly at all word posifions. Although the sample size in the current study is too small to make general conclusions about order of consonant acquisition in this populafion, the order of the consonants in Table 4 suggests a rough order of mastery of English consonants by these children. A comparison of that order with the "developmental sound classes" proposed by Shriberg (1993) suggests that the children in the current study were mastering the English consonants in a similar order to children with typical hearing. Shriberg grouped the 24 English consonant phonemes into the Early-8 /m,b,j,n,w,d,p,h/, the Middle-8 /t, Q , k , g , f, V, d5 , tJ/, and the Late-8 / J , 3 ,1, r, s , z , 6,6/ groups, noting that the Early-8 consonants are generally mastered before the Middle-8 consonants, which are generally mastered before the Late-8 consonants. Relative to Shriberg's Early-8 consonants, 7 out of 8 (88%) were among the eight earliest acquired sounds for the current participants. The exception was /b/, which rariked into the middle group. Relafive to Shriberg's Middle-8 consonants, 5 out of 8 (63%) were among the middle eight sounds acquired by the current participants. The excepfions were /Q.t/, which ranked into the early group, and là^l, which ranked into the late group. Relative to Shriberg's Late-8 consonants, 6 out of 7' (86%) were among the late group for the current parficipants. The excepfion was /J/, which ranked into the middle group. An analysis of those consonants that did not match Shriberg's developmental sound class groupings revealed that the vast majority of the errors produced in place of those sounds were consistent with common developmental errors (Shriberg & Kent, 2003) . Overall then, with a relatively small degree of overlap, the children in the current study tended to master the Early-8 consonants before they mastered the Middle-8 consonants, which they tended to master before the Late-8 consonants. This was supported by the fact that for the parficipants in the current study, none of the Late-8 consonants were mastered before any of the Early-8 consonants.
Discussion
Findings from the current study suggest that it may be quite appropriate to use the GFTA-2 to evaluate the speech acquisition skills of children with cochlear implants. Floor effects were relatively uncommon, and when amount of implant experience was used as a referent relatively few of the children performed outside the "normal hearing" range. All of the children in the current study were able to complete the test successfully without significant deviation from the test manual instruchons. The only notable deviafion was that it was occasionally necessary to label an item for a child (i.e., to have them produce it by imitation rather than spontaneously) if the word was unfamiliar to them; however, this is occasionally necessary for young children with typical hearing as well. These findings are similar to findings reported in two other studies that used the GFTA-2 with this population. Data reported in Chin and Kaiser (2000) indicate that only 2 out of 10 parficipants using listeriing and spoken language achieved percentile ranks of <1 when evaluated relative to amount of implant experience. All of the participants studied by Buhler et al. (2007) achieved meaningful scores (i.e., none were below the level of the test norms) despite being evaluated relative to chronological age. This would then also support a more general conclusion for using articulation/phonology tests normed on children with typical hearing for children with cochlear implants (as also suggested by the findings of Baldassari et al., 2009 , in their study of receptive language skills).
'Note that the GFTA-2 does not sample /3/.
The finding of a significant correlation between raw scores and amount of implant experience combined with no correlation between raw scores and chronological age supports the long-held belief in the crucial role of high-quality auditory input in speech sound acquisition. The number of errors significantly decreased as amount of implant experience increased, which is consistent with the pattern seen in children with typical hearing (as evidenced in the normative tables of the GFTA-2 and many other normreferenced tests of speech sound acquisition). It also supports the notion that amount of implant experience is a more crucial time variable for assessing children with cochlear implants than chronological age. The fact that 14 out of 15 children performed within the typical range relative to amount of implant experience, and the fact that they appeared to be catching up to their peers with typical hearing, also supports the idea that typical speech skills may be an attainable goal for many of these children (Flipsen, 2008a) . It is also consistent with Chin and Kaiser (2000) , who reported that all 10 of their participants who used listerüng and spoken language scored above the 10th percentile (i.e., within 1.33 standard deviations of the mean) relative to amount of implant experience (although this was only true for 2 out of 10 relative to chronological age). It is also consistent with findings reported in Buhler et al. (2007) where 2 out of 5 participants achieved standard scores within 1.5 standard deviations of their age group mean even relative to chronological age.
It important to note that while the use of implant experience as a proxy for chronological age may result in performance outcomes that are encouraging to parents and service providers, it may also limit eligibility for school-based services. Thus it may become a matter of trade-offs between reporting positive outcomes and providing access to services.
The finding that standard scores (re: chronological age) were sigrüficantly correlated with age of implantation but not with either chronological age or amount of implant experience highlights the importance of receiving a cochlear implant early in this population. The earlier a child receives an implant, the closer the child's speech sound performance will likely be to their peers with typical hearing.
The finding that, at least in broad terms, the order of consonant acquisition by children with cochlear implants appear to be similar to that of children with typical hearing may be informative. The classic argument that tests carmot be applied to "very different" populations because of differences in developmental trends would no longer appear to apply in this case. This finding then appears to support the conclusion that it is appropriate to use the GFTA-2 with children with cochlear implants.
Limitations of the current study include the relatively small sample size; the current study should be replicated with a larger group. The study is also limited by the inclusion of a set of identical twins because the role of two sets of identical genetic material carmot be determined. In addition, the inclusion of 3 children with less than 24 months of implant experience complicates the interpretation of the current findings because performance relative to the normative population had to be inferred from the 24-month norms. Finally, the current study included only 2 children who received implants before the age of 2, which might suggest that the current sample is not totally representative of this population in which more children are receiving implants as early as possible (i.e., by age 1). Although true, this would appear to be of relatively minimal concern given the strong and significant (negative) correlation between age of implantation and standard scores relative to chronological age, suggesting even better outcomes for children receiving cochlear implants at the youngest possible ages.
